Abstract-Infrared small target detection plays a key role in infrared precision guidance and infrared early-warning system. It has been a difficult problem for researchers to study on how to detect targets accurately at a long distance as early as possible. Most of the existing algorithms can detect small targets in simple backgrounds, but they would fail on the detection when the background clutters are chaotic and the signal to clutter ratio (SCR) is low. Therefore, we propose a new infrared small target detection method which called a directional-progressive search (DPS) method. Our method derives from a fact that a small target is an isotropic Gaussian distribution at a long distance, while clutters show different characteristics in different directions. Based on this difference, we decompose the original image into first-order sub-images with different directions by using a first-order directional derivative (FODD) filter. Then zero-crossing points are detected in each direction step by step to distinguish small targets and background clutters. After screening progressively, the positions where existing zero-crossing points in every subimage can be confirmed as targets. Experimental results show that our method acquires higher detection rates and lower false alarm rates compared with other methods. At the same time, our method can still keep better performance under various complex backgrounds. The robustness of our method is strong.
INTRODUCTION
In order to find the target as soon as possible and improve the detection range of the target, infrared small target detection is of great importance for precision guidance and automatic target recognition. For gaining the initiative and winning the war, infrared small target detection has always been the focus and difficulty for researchers in various countries. Because the imaging distance is long, small targets usually occupy only a few pixels in the field of view; at the same time, due to the manufacturing process of infrared focal planes and the interference of clouds, there are many noise and clutters around the target. Therefore, it is a challenging task to detect and locate small targets accurately under long-distance imaging conditions. Infrared small target detection methods can be divided into spatial filtering method and background prediction method. The spatial filtering method mainly aims at improving the image SCR [1] by increasing the intensity of the target signal and suppressing the background clutter, so that the target can be more easily located. The more classical spatial filtering method is the detection method based on local contrast measure (LCM) proposed by Chen et al. [2] . By calculating the difference between the central pixels and the surrounding pixels, this method can achieve the goal of improving the target and suppressing the background. Inspired by the LCM algorithm, Han et al. [3] proposed an improved LCM (ILCM) detection method. Compared with the LCM method, the ILCM method cancels the scale operation and improves the detection rate and detection speed. Deng et al. [4] proposed a weighted local difference measure (WLDM). They first find out the maximum local difference of each pixel in a certain scale, and then multiply the local entropy in the neighborhood of the point, so as to enhance the image SCR.
The background prediction method first estimates the background image of the original image, and then subtracts the original image from the background image to separate the foreground image which only contains the target. Gao et al. [5] proposed an infrared patch-image (IPI) model to detect the small target. They regard the background image and the target image as the superposition of a low-rank matrix and a sparse matrix, respectively. And then the robust principal component analysis (RPCA) method is used to transform the small target detection problem into the process of separating the low rank matrix and the sparse matrix from the original matrix. Bae et al. [6] presented a filter named edge directional 2D least mean squares (2DLMS) filter to predict background. By using the surrounding image information of each pixel, the background image of the original image is estimated.
All of the above methods are effective when the background is simple and the target is clear. However, in some complex background environments, such as the presence of large-area cloud layers and poor imaging quality, these methods may fail. Therefore, based on a phenomenon that a small target is an isotropic Gaussian distribution at a long distance, while clutters show different characteristics in different directions, we propose a new infrared small target detection method which called a directional-progressive search (DPS) method. Our method is based on the FODD filter which proposed by Zhang et al. [7] . By using this FODD filter, we search zero-crossing points step by step on different directional sub-images to achieve the goal of extracting the target gradually. At the meanwhile, compared with Zhang's method, our detection speed has been significantly improved and can still maintain a high detection rate.
The rest of the paper is organized as follow. Section 2 introduces our DPS method. Section 3 shows some experiments and detection results, what's more, some comparisons with other algorithms will also be displayed. Finally, we conclude this paper in Section 4.
II. THE FODD FILTER AND THE DPS METHOD
In the following section, we first introduce the FODD filter. Then we introduce our detection algorithm on this basis.
A. The FODD Filter
The FODD filter is derived from the facet model and the facet model is proposed by Haralick [8] . The core idea of the facet model is that for any pixel in the image, its neighborhood regions can be used to approximate the gray change of this pixel. Each pixel ( , ) f r c can be fitted by a bivariate cubic function, and it can be written as follow: 
Combined with (1), the first-order derivative of ( , ) f r c along  can be shown as:
where angle  is the clockwise angle from the row axis. After ( , ) rc is brought into the center （0,0） , the first-order derivative can be shown as: 
i K can be estimated by least squares fitting and be written as: 
Therefore, for a given polynomial base ( , ) 
Combined with (3) and sliding over each pixel in the image, we can get the FODD map in any direction.
By rotating  , we can get FODD maps of the original image in any direction. In our method, we obtain the FODD maps in eight directions according to the order of Fig. 1 shows a small target in the clutter.
From Fig. 1 , we can find that small targets represent the same characteristics no matter in which direction. However, background clutters show different features in different FODD maps. For example, in Fig. 1 , the cloud reflects the corresponding shape information in 0   map, and background clutters are fully suppressed in 90
At the meanwhile, from Fig. 1 we can find that no matter in which FODD map, the small target always varies from bright to dark along the filtering direction. Clutters have no consistent rule in different filtering directions. Therefore, we can distinguish between small targets and background by searching zero-crossing points in each FODD map along the filtering direction. Fig. 1 .
B. The DPS Method
Since the brightness of the target area changes from strong to weak, we use the following method to search zerocrossing points. We first set up a threshold 0 Th that is greater than zero, and then find all the candidate points satisfying the threshold condition along the filtering direction in each FODD map. After that, the zero-crossing points are searched in 0 N points within this candidate point as the starting point by using (7) .
where   pixel I represents the gray value of the current point, and   1 I pixel  represents the gray value of the next point. If the product of the two is less than zero, whose absolute value is smaller will be marked as the zero-crossing point.
The specific searching strategy is shown as follow.
Step 1: go through all the positions of the FODD map of 0   and search for all the zero-crossing points.
Step 2: search for zero-crossing points along the filtering direction in the FODD map of 90   .
Step 4: If the D8 distance between the two is less than 8 Dist , the points in the FODD map of 90   are retained as zero-crossing points.
Step 5: repeat Step 2, Step 3 and Step 4, the zero-crossing points are searched in the order of 45 ,135 ,180 , 270 , 225 , 315
Step 6: The zero-crossing point in the FODD map of 315   is reserved as the infrared small target.
In step 4, a little distance between two zero-crossing points in a FODD map and the previous FODD map is allowed to increase the robustness of the detection. Due to differences in the FODD maps, there may be a slight deviation between the positions of the same zero-crossing points in different FODD maps. Therefore, we can set a small distance to identify the same zero-crossing point, but this distance cannot be too large. Different from Zhang's method, we use a directional-progressive method to search the zero-crossing point step by step, instead of searching all positions in each FODD map. The advantage is to avoid repeated operations, and improve the searching efficiency and searching speed. Fig. 2 shows zero-crossing points in eight FODD maps of original image in Fig. 1 .
It can be seen from Fig. 2 that there are many zerocrossing points in the first FODD map. With continuous screening, the zero-crossing points are continuously reduced, and only the zero-crossing point at the target is finally reserved, that is, the small target is detected. 
III. EXPERIMENTS AND RESULTS
As Fig. 3 shows, we first give our detection results in different images. (a1) to (a3) in Fig. 3 display the original images and (b1) to (b3) display the detection results. It can be seen from the detection results that whether it is a small target with very low SCR (a1) or a target hidden in dense clouds (a3), our method can detect and locate small targets accurately. The proposed detection method is compared with Zhang's method, LCM method, Max-mean [9] method and Max-median [9] method. At the meanwhile, for evaluating our method objectively, we adopt receiver operation characteristic (ROC) curves [10] Th , we get our ROC curve, and Fig. 4 display the ROC curves. We can find that both our method and Zhang's method can keep better detection performance. However, compared with other three methods, our method has the highest detection rate at the same false alarm rate.
In addition, we compare the detection time (seconds) with Zhang's method in these three kinds of images, as shown in Table I . It can be seen from Table I that our detection rate has greatly improved, while maintaining a high detection rate. All the experiments are performed on MATLAB R2014a in a PC with a Inter i7 processor and a 4 GB random memory. Some parameters in our experiments are given as follow: 0 
IV. CONCLUSION
This paper proposed a direction-based infrared small target detection method. Because small targets keep an isotropic Gaussian distribution at a long distance, the core idea of algorithm is to search zero-crossing points progressively in different directions. By continuous screening, a small target is finally detected. We adopt four state-of-the-art methods for comparisons. Experimental results show that the proposed method has a great advantage in detection rate and detection speed.
